The atherogenicity of dietary peanut oil (PO) was examined in cynomolgus monkeys fed semipurified diets for 15 months. Four groups of six monkeys were fed diets containing 0.22 mg/kcal (0.1%) cholesterol and 0%, 5%, 10%, or 20% PO. An additional group was fed 2.0% cholesterol and 20% PO to serve as a literature control. Increasing the concentration of PO in the diet was associated with significant decreases in total plasma cholesterol (p < 0.05) and the total/HDL cholesterol ratio (p < 0.05) and an increase in the terminal HDL cholesterol concentration (p < 0.05). Intimal thickness and composition were determined from cross sections of the thoracic aorta and the iliac and coronary arteries. Increasing dietary PO was associated with decreases in thickness (p < 0.005), lipid (p < 0.001), and smooth muscle cells (p < 0.005) in the aortic intima. Aortic intimal lipid was positively correlated with the ratio of total to HDL cholesterol (r 2 = 0.78, p < 0.05). Monkeys fed 2.0% cholesterol and 20% PO revealed extensive atherosclerosis in all three arterial sites compared with those of any other group. Whereas the dietary fat effect was most demonstrable in the aorta, dietary cholesterol had a greater effect on the iliac and coronary arteries than it did on the aorta. Under these circumstances, dietary PO was not atherogenic in cynomolgus monkeys when fed with a concentration of cholesterol equivalent to that consumed by humans. (Arteriosclerosis 6:465-474, 
P eanut oil (PO) is reportedly atherogenic when fed to rats, 1 rabbits, 2 ' 6 and monkeys 3 despite a relatively high concentration of polyunsaturated fatty acids. However, the majority of studies addressing this issue have been complicated by diets containing PO in combination with high levels of cholesterol or sucrose or both. In experiments in rats 1 and rabbits 4 with low levels of sucrose in the diet and no added cholesterol, atherosclerotic lesions were not found in the animals fed PO. The evidence suggesting PO is inordinately atherogenic in monkeys derives from studies in which rhesus monkeys were fed 2% cholesterol. 3 However, weight gain as a percentage of the initial body weight (and by inference the total calorie and cholesterol intake) of the PO group was almost double that of com oil-fed monkeys and 50% greater than that in those fed butter. Thus, lesion development appeared to reflect the total cholesterol intake. When vervet monkeys were fed diets containing no added cholesterol, the atherogenicity of PO was no greater than that of corn oil. 5 These results raise the question whether the atherogenicity attributed to PO is actually a reflection of a high cholesterol intake.
Specific structural characteristics have also been attributed to the arterial lesions of peanut oil-fed animals. In rabbits 6 and monkeys, 37 these lesions have been described as dense and fibrocellular with relatively little lipid when compared to lesions of animals fed butter oil or a butter fat-coconut oil mixture. In contrast to these descriptive data, biochemical determinations of collagen and elastin accumulation failed to reveal excessive concentrations of fibrous proteins in the arteries of peanut oil-fed rabbits. 8 The present study was designed to address the question of PO atherogenicity and the quantitative morphology of the intimal response under carefully controlled dietary challenge. Intimal thickness and composition were measured in the arteries of cynomolgus monkeys fed for 15 months on diets containing graded amounts of PO and a level of cholesterol approximating the human experience (0.1%). An additional group was fed a PO diet containing 2% cholesterol to serve as a literature control.
The results indicate that an increased PO intake is protective in terms of cholesterolemia and is associated with reduced atherogenesis when compared to a blend of oils approximating the fatty acid composition of the American diet.
Methods

Monkeys and Diets
Thirty adult female cynomolgus monkeys {Macaca fasicularis) were obtained from Primate Imports, Incorporated, New York, New York, and housed individually in expanded steel cages. Their approximate ages based on body weight and dental wear ranged from 5 to 15 years. Monkeys were randomly assigned to one of five diet groups ( Table 1 ). The diet for Group I was designed to represent the average American diet in the content of protein (14% kcal), carbohydrate (16% sucrose kcal), fat (41% kcal with a P/S ratio of 0.5, Table 2 ), and cholesterol (550 mg human equivalent or 0.22 mg/kcal). In diet Groups II, III, and IV, peanut oil represented 25%, 50%, and 100% of the fat calories, respectively. Group V served as the control, with 2% cholesterol (4.4 mg/kcal) and 100% of the fat calories from peanut oil. Food intake was adjusted periodically to maintain a body weight within 300 g of the animals' original weight.
Plasma Cholesterol
Fasting plasma samples, with ethylenediamlnetetraacetic acid (EDTA), were obtained from each animal at 6 months, 9 months, and at 15 months just before killing. The 
Autopsy Procedure
After 15 months of dietary treatment, the monkeys were killed according to the method described by Hoover and Hayes 9 in accordance with guidelines for humane treatment of animals established by the American Physiological Society. Each monkey was anesthetized with sodium pentobarbital, and the chest cavity was opened. A cannula was inserted into the left cardiac ventricle, and the animal was perfused at 120 mm Hg for 30 minutes wtth a solution of 1% paraformaldehyde/1.25% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (quarter-strength Karnovsky's fixative 10 followed by 15 minutes with 2% paraformaldehyde/2.5% glutaraldehyde in 0.2 M cacodylate (halfstrength Karnovsky's fixative). The liver, heart, and kidneys were then removed and weighed.
Tissue Samples
The aorta was carefully removed from the heart to the iliac bifurcation, opened along the ventral surface, and pinned to a strip of cardboard. Four tissue samples approximately 0.5 cm 2 each were taken from the thoracic aorta 4 cm below the bifurcation of the subclavian artery. A full circumference ring of the left iliac artery was taken 1 cm below the iliac bifurcation. Full circumference rings were also obtained from the right, left main (approximately 2 mm from the aorta), and left anterior descending (approximately 5 mm distal to its bifurcation) coronary arteries. All tissue samples were immersed in half-strength Karnovsky's fix-ative and subsequently fixed in 2% (wt/vol) aqueous osmium tetroxide for 90 minutes after several rinses of 0.1 M cacodytate buffer (pH 7.4). They were dehydrated in ethanol and propylene oxide, infiltrated, and embedded in Epon812.
Light Microscopic Morphometry
Sections (1 p) were prepared on a Sorvall microtome (Porter-Blum Model MT-1), mounted on glass slides and stained with methylene blue/azure II/basic fuchsin. 11 These sections were then projected by a Zeiss microprojector onto white paper, the outline of the intima and media were traced, and the cross-sectional area of the intima relative to the media (intima-to-media ratio) was determined for each section on an image analyzer (MOP-3, Zeiss) from the tracings. The thickness of the media was measured with an ocular micrometer (10 x), and the average thickness of the somewhat irregular intima was calculated by using the media width and the ratio of intima to media area.
Estimates of intimal composition were determined with a 15x ocular grid (121 points) and a 100x objective. Approximately 300 point counts were made over each intimal section and the percentages of green stained (fat), dark blue stained (smooth muscle cells), and pale pink or blue stained (extracellular connective tissue) material were recorded. From these percentages and the cross-sectional intimal area, the area occupied by each component (in square micrometers per unit length of internal elastic lamina) was calculated for each section. Statistical analysis was performed on the intimal composition by using square micrometers, i.e., an absolute amount of an intimal component rather than the relative composition represented by percentages.
Electron Microscopy
Representative tissue specimens of the thoracic aorta from each diet group were thin-sectioned and stained with uranyl acetate and lead citrate for study in a Phillips EM-300 electron microscope.
Statistical Analysis
Since graded levels of peanut oil were fed, regression analysis was used to determine whether the effect of added PO was linearly related to plasma cholesterol, intimal thickness, and intimal composition of the thoracic aorta and the iliac and coronary arteries. Regression analysis and Student's f test were also used to determine the effect of the two levels of cholesterol at the highest intake of PO.
Results
Throughout the experiment, the animals' body weights were maintained within 200 to 300 g of their initial weight by adjusting caloric intake. For the Group V monkeys, the high level of dietary cholesterol led to severe xanthomas of the hands, feet, and facial skin ( Figure 1 ). Two of these animals became cachexic and died with extremely swollen, fatty livers. One monkey was subsequently replaced. Body and organ weights were recorded at the time of sacrifice (Table 3) . On gross examination, no differences were noted between monkeys in Groups I to IV, whereas in addition to xanthomas on the face and extremities, the livers from group V monkeys were enlarged and fatty.
Plasma Cholesterol
For plasma cholesterol values, both the overall mean values at 6, 9, and 15 months as well as the terminal 15- month value are presented ( Table 4 ) to emphasize the dynamics of an early cholesterolemia in all monkeys which abated after 15 months. Since the arterial pathology was often more interpretable in light of the terminal value, as opposed to the overall mean (see below), the analysis focused on these data. In this regard, the HDL response was noteworthy. At the lower cholesterol intake (0.1%, Groups I to IV), substitution of increasing amounts of PO was weakly associated with a decrease in total plasma cholesterol (r 2 = 0.21, p < 0.03) and an increase in HDL cholesterol {I s = 0.26, p < 0.02). Among the terminal values, the positive association between PO and HDL cholesterol was mirrored in the progressive decrease in the total/HDL cholesterol ratio (I s = 0.23, p < 0.03). Increasing the cholesterol in the diet from 0.1 % to 2.0% (Groups IV and V) resulted in significant (p < 0.01) increases in total cholesterol and In the total to HDL ratios (Table 4) as well as a significant decrease in the average HDL cholesterol (p < 0.05). Interestingly, in Group I (no PO) the percent HDL cholesterol remained constant at 7% to 9% from 6 to 15 months and ranged from 10% to 30% in monkeys fed PO (Groups II to IV). By contrast, monkeys fed 2% cholesterol (Group V) experienced a severe depression in the percent HDL cholesterol (<3%) by 6 to 9 months but recovered to 9% by 15 months when their total cholesterol had declined considerably. Figure 2 depicts representative lesions In the intima of the thoracic aorta from monkeys in Groups I to V. As viewed in 1 y. epon sections stained with azure blue, the intJmal fat was largely confined to foam cells that were concentrated near the luminal surface. These cells were large and vacuolated with rounded nuclei and green-staining cytoplasmlc lipid droplets. Each smooth muscle cell contained an elongated nucleus and dark blue-staining cytoplasm. Lipid accumulation was rare in the latter cells (except in Group V). The connective tissue was stained in light shades of blue and pink. The internal elastic lamina was prominent and intact. The media was approximately 350 /xm thick.
Thoracic Aorta Morphology
An intJmal lesion from Group'V is depicted in Figure 2 E. The lesions resembled the fibrous plaques described in PO-fed rhesus monkeys. 3 They were characterized by extracellular lipid, cholesterol crystals, and necrotic cell debris, covered by a cap of smooth muscle cells and connective tissue. The internal elastic lamina was often fragmented, and the media was slightly thinner (320 fim) than in Groups I to IV.
Thickness and composition estimates for the intima of the thoracic aorta are presented in Table 5 . Included are the percentages of the total intimal area represented by each category. In Groups I to IV, regression analysis revealed that increasing the concentration of PO in the diet was associated with significant reductions in intimal thickness ^ = 0.63, p < 0.005), fat (I s = 0.67,p<0.001),and smooth muscle cells (z 2 = 0.62, p < 0.005). Increasing the concentration of dietary cholesterol from 0.1% to 2.0% (Groups IV vs V) sharply elevated the plasma cholesterol and markedly increased intimal thickness (A 2 = 0.64, p < 0.001) as well as intimal fat (f i = 0.72, p < 0.001) and smooth muscle cells (z 2 = 0.62, p < 0.005). None of the dietary treatments produced significant differences in thê amount of intimal connective tissue. / -The reduced intimal thickness associated with increasing PO was attributed to reductions in intimal fat and smooth muscle cells. Intimal fat was positively correlated with the ratio of total to HDL cholesterol (r = 0.78, p < 0.05). Even though the absolute amount of connective tissue was not affected by increasing PO, the decrease in fat resulted in an increased percentage of intimal connective tissue (39% to 64%), with the consequence that the narrower intima appeared more fibrous upon microscopic examination ( Table 5 and Figure 2 ).
Electron Microscopy
To validate the light microscopic estimates of intimal composition, representative sections from each dietary .group were also examined by electron microscopy. Fatty streaks containing predominantly lipid ( Figure 3 ) or smooth muscle cells and connective tissue (Figure 4 ) are depicted. Intimal lipid (particularly in Groups I and II) was largely confined to foam cells subjacent to the endothelium (Figure 3 ). These cells contained many clear and osmiophilic lipid vacuoles as well as electron-dense bodies. Although stretched over the foam cells, the endothelial cells maintained electron-dense interdigitating junctions with one another. In lipid-poor intima from Group IV, the smooth muscle cells were typically surrounded by connective tissue comprised of collagen, elastin, and amorphous ground substance (Figure 4 ), previously described in arterial lesions from other monkeys. 
Iliac Artery
Intimal thickness and composition estimates for the left iliac artery are presented in Table 6 . Again, the percentage of the total intimal area represented by each component is included. In comparison to the thoracic aorta, the iliac intima was only 20% to 30% as thick, whereas the media was approximately one-third that of the thoracic aorta (approximately 125 /x). Thus, the relative intimal proliferation in iliac arteries was only moderate and appeared to be approximately 10% less than that in the thoracic aorta. Unlike in the aorta, increasing the dietary PO did not reduce intimal atherogenesis in the iliac artery (Groups I to IV). On the other hand, the high dietary cholesterol intake (Group V) dramatically increased iliac intimal thickness, fat, smooth muscle cells, and connective tissue to a much greater degree (three-to fourfold more) than what occurred in the aortic intima. Representative iliac sections from the monkeys in Groups IV and V are depicted in Figure 5 .
Coronary Arteries
In most of the coronary arteries (Groups I to IV), the degree of intimal thickening was negligible, which made the estimation of intimal composition unreliable. Examples of coronary artery lesions are presented in Figure 6 . The smaller coronary lesions were typically composed of foam cells with little connective tissue (Figure 6 A) . Some of the larger lesions from Group V had a fibrocellular cap covering a core of necrotic cells and lipid (Figure 6 C) .
Intimal thickness estimates for the coronary arteries are presented in Table 7 . The medial thickness of coronary arteries averaged 115^,. Despite the minimal intimal alteration among the monkeys within Groups I to fV, the intimal thickening that occurred was positively correlated with total cholesterol (r -0.80, p < 0.05) and the ratio of total to HDL cholesterol (r = 0.72, p < 0.05). Increasing the cholesterol in the diet (Groups IV vs V) was associated with a significant increase in coronary artery intimal thickness (p < 0.01). Values represent means ± SEM. Values in parentheses represent percentages of the total thickness. PO = peanut oil; chol = cholesterol.
*p < 0.05 with respect to Group IV, Student t test. Values represent means ± SEM. These values were calculated from an estimate of the average intimal thickness made from cross sections of three arterial samples (left main, right main, and left anterior descending) from each monkey. PO = peanut oil; chol = cholesterol.
"Values distorted by two hyperresponder monkeys.
Discussion
These data from cynomolgus monkeys indicate that PO reduces the atherogenic potential of blended oils approximating the saturation of fats in the American diet. In the thoracic aorta, increasing the concentration of PO in the diet was associated with a reduction in the thickness of the intima, which was accounted for by a decrease in the accumulation of fat and smooth muscle cells.
The composition of the diets in this study were modeled after the average American diet so that the atherogenicity of PO could be evaluated in the context of relevant concentrations of cholesterol (600 mg/day human equivalent), sucrose, and a mixture of animal and vegetable proteins. Under these circumstances, our conclusions are consistent with those of Funch and co-workers in the rabbit 4 and Kritchevsky and co-workers in the vervet monkey, 5 both of whom used diets low in cholesterol. They found that PO was less atherogenic than butter oil or combinations of whale, coconut, cottonseed, and rapeseed oils, and similar in atherogenicity to com oil.
Findings from the literature and control group (Group V) suggest that our conclusions might have been different If all the diets had contained a higher concentration of cholesterol. This group was fed 20% PO and 2% cholesterol, which resulted in severe fibrous plaques in the thoracic aorta, iliac, and coronary arteries. Vesselinovitch and coworkers 7 reported similar lesions In rhesus monkeys fed 25% PO and 2% cholesterol and concluded that PO induced more intimal fibrosis compared to a butterfat-coconut oil regimen. Our results on lesion character and distribution in Group V were very similar and would indicate that the advanced fibrocellular atherosclerosis they described resulted from an interaction of PO with a high intake of cholesterol and cannot be attributed to PO per se.
Kritchevsky and co-workers 8 suggested that a cholesterol-PO interaction might explain PO atherogenicity in rabbits. They found differences in the composition of circulating cholesterol esters of rabbits fed PO or com oil; those fed PO circulated more cholesterol sterate and oleate than those fed corn oil. If these more saturated cholesterol esters were present in PO-fed cynomolgus, they may have explained the higher HDL values associated with PO feeding. Ordinarily, high PUFA consumption (40% kcal) decreases the total plasma cholesterol by reducing both LDL and HDL cholesterol concentrations. 23 ' 24 It is possible that the structure or composition of PO triglycerides enhances formation of saturated cholesterol esters in the intestinal mucosa, especially when large amounts of cholesterol are absorbed. Studies of acyl/cholesterol acyltranferase in human and guinea pig intestine suggest that cholesterol feeding can have significant impact on the character of circulating cholesterol esters. 1516 Several investigators 3 ' 6 ' 7 have noted the particularly fibrous connective tissue intimal lesions induced by dietary PO. To address this issue, we evaluated the intimal composition by light microscopy and verified the structural components by electron microscopy. Contrary to the descriptions of others, PO did not stimulate the accumulation of connective tissue in the thoracic aorta or the Iliac artery. However, because intimal fat and smooth muscle cells decreased with increasing PO, connective tissue comprised an increasingly larger percentage of the total intima. On microscopic examination, this gave the impression that the intima was more fibrous.
The reduction in total intimal and intracellular lipid associated with increased PO intake is reminiscent of regressed intimal lesions 27 ' ^ and suggests that PO facilitated intimal lipid removal even as the hypercholesterolemia induced by the dietary cholesterol insulted the arterial wall. The result was a fibrocellular scarring of the intima as opposed to the more typical lipid-rich atherosclerotic lesion induced by feeding cholesterol with saturated fat.
Components of the diet other than the type of fat may be important determinants of connective tissue proliferation. For example, these data indicate that increasing the dietary concentration of cholesterol (0.1% vs 2%) significantly increased the intimal connective tissue of the iliac artery. This is consistent with the report of Hollander and co-workers 17 of a significant increase in the concentration of collagen in the aorta of cholesterol-fed rabbits. Dietary sucrose has also been shown to contribute to intimal connective tissue accumulation in baboons 18 and rabbits 19 and might have been a factor in our study.
Although considerable variation was observed in the plasma cholesterol values, some significant effects of diet on the total and HDL cholesterol were noted. As PO in the diet increased from 0 to 20% (Group I to IV), the P/S ratio increased from 0.5 to 1.6, while the monounsaturates were held constant at 46% of fatty acids. The difference in dietary fat saturation was associated with 41% lower total cholesterol and 44% higher HDL cholesterol over the entire period between Groups IV and I. In the monkeys fed 20% PO (Group IV) for 15 months, the total cholesterol was still 44% lower, but HDL cholesterol was 167% higher, largely due to the progressive decline in HDL in the more hypercholesterolemic monkeys fed the more saturated blends of fat and cholesterol. The higher HDL in Group IV is noteworthy because PUFA consumption that supplies 40% of the calories tends to lower the HDL cholesterol, 23 ' 2 * whereas a diet supplying PUFA at 30% of the calo-ries does not. 25 ' x Both the monounsaturated fat and cholesterol contents of the diet presumably complicate this issue, however. Similar differences in total serum cholesterol were reported in vervet monkeys fed diets with P/S ratios of 0.3 and 1.5 20 The Hegsted formula would predict a 32% decrease in total cholesterol when considering similar differences in the dietary P/S ratio in humans. 21 Our observations of monkeys in the literature control group (Group V) support the contention that a diet containing 2% cholesterol compromises the health of cynomolgus monkeys, 22 which would confound the effects of other dietary components on intimal pathology. Grossly, monkeys from this group often appeared cachexic with xanothomas on the face and extremities. The livers were enlarged and fatty. Microscopic examination of arterial intimal lesions in these monkeys indicated that the effects of increasing dietary cholesterol from 0.1 % to 2% were much greater than the effects of changing the unsaturation of dietary lipids. Thus, it would appear that this high level of cholesterol could overwhelm the more subtle effects of other dietary components.
The differing sensitivities of parts of the arterial tree (aorta, iliac, coronary arteries) were similar to those previously described in rhesus monkeys fed comparable diets. 7 In both studies, the thoracic aorta was generally the most sensitive index of atherogenesis. Specifically, the thoracic aorta was most sensitive (especially in tenms of intimal fat and smooth muscle cell accumulations) to the dietary fatlow cholesterol (0.1%) interaction. The iliac and coronary arteries were relatively insensitive to this interaction, but these more muscular arteries were much more responsive than the thoracic aorta to the high cholesterol intake (2%).
The implication is that one should not generalize about the degree and character of "atherosclerosis induced by diet" based on a single dietary component or estimates of atherosclerosis in a single artery.
In conclusion, PO does not appear atherogenic when fed to cynomolgus monkeys in combination with commonly ingested levels of cholesterol and sucrose. When PO is combined with 2% cholesterol, fibrous-plaque lesions are induced that appear to reflect the proliferative effect of cholesterol coupled with reduced lipid deposition attributable to PO. Thus, PO does not stimulate excessive accumulation of fibrous connective tissue in the intima. In gen-' eral, the changes in plasma cholesterol and intimaf "pathology induced by PO are consistent with the large body of evidence suggesting that oils with a high concentration of polyunsaturated fatty acids are not atherogenic.
